We demonstrate the use of Doppler variance ͑standard de-viation͒ imaging for 3-D in vivo angiography in the human eye. In addition to the regular optical Doppler tomography velocity and structural images, we use the variance of blood flow velocity to map the retina and choroid vessels. Variance imaging is subject to bulk motion artifacts as in phase-resolved Doppler imaging, and a histogram-based method is proposed for bulk-motion correction in variance imaging. Experiments were performed to demonstrate the effectiveness of the proposed method for 3-D vasculature imaging of human retina and choroid.
Optical Doppler tomography ͑ODT͒ combines the Doppler principle with optical coherence tomography ͑OCT͒ 1 for simultaneous tomographic imaging of tissue structure and blood flow [2] [3] [4] [5] [6] [7] and has been used for a number of potentially important clinical applications. [8] [9] [10] ODT is based on the principle that light interacting with moving particles, such as red blood cells inside biological tissues, causes Doppler frequency shifts in the measured interference signal.
Previously developed ODT methods 2-5 use a fast Fourier transform algorithm to measure the Doppler shift of the fringe frequency and determine the flow velocity of moving particles in the sample; however, they are subject to a compromise between high velocity sensitivity and high imaging speed/ high spatial resolution. To overcome this limitation, a phaseresolved method 6, 7 was developed in a time-domain OCT system to decouple the velocity sensitivity from the spatial resolution while maintaining a high acquisition speed. Later, a phase-resolved method was demonstrated using Fourierdomain OCT systems. [8] [9] [10] The phase is determined by the complex-valued analytic continuation of the measured interference fringe, and the phase change between the measured interference signals from sequential axial scans are used for velocity image reconstruction. The maximum measurable dynamics range without phase wrapping is determined by the time interval between sequential axial scans.
Despite the noninvasive nature and exceptionally high spatial resolution, it remains challenging to use ODT for ophthalmic, especially choroid vasculature, imaging. 11 Besides the limited measurement dynamic range of phase-resolved ODT, it is also subject to the optical heterogeneity of the sample and phase instability caused by sample motion artifacts. Repeated or dense scans are possible ways to reduce the background characteristic texture pattern 12, 13 but will inevita-bly increase the imaging time. Another method, called Doppler optical microangiography, 14 has recently been proposed to minimize the influence of heterogeneous tissue by digitally replacing the endogenous tissue background with an "ideal tissue background" but needs lateral modulation of the scanner and extra Hilbert/Fourier calculation besides the phaseresolved Doppler calculation. Furthermore, low-velocity imaging is also limited by the fact that the Doppler frequency shift depends on the Doppler angle between the probe and flow directions and is highly sensitive to the pulsatile nature of the blood flow.
In many clinical studies, the location of the microvasculature is more important than the absolute value of the flow velocity. 11, 15 Doppler variance ͑or standard deviation͒ tomography was previously developed by our group for skin imaging 16 and a microfluidic study. 17 It was demonstrated that variance imaging is less sensitive to the Doppler angle and is more efficient for mapping the flows buried in nontransparent media. In this letter, we demonstrate an improved variance/ Doppler imaging modality for three-dimensional ͑3-D͒ angiographic imaging of the human retina and choroids. We also demonstrate that variance imaging is subject to bulk-motion artifacts that are inevitable for in vivo ophthalmology applications. A histogram-based algorithm is used to extract and correct the bulk-motion phase. Both the variance and Doppler images before and after bulk-motion correction are compared. We also compare our method with other angiography methods such as the optical microangiography method ͑OMAG͒. 15 By using the proposed variance imaging modality, 3-D highresolution details of both the retina and choroid vessels are reconstructed.
The variance/Doppler imaging system was based on a 2 ϫ 2 fiber-based interferometer ͑inset in Fig. 1͒ . A lowcoherence light with a center wavelength of 890 nm and FWHM bandwidth of 150 nm was used. With 650-W power out of the sample arm fiber tip and 50-s CCD integration time for A-scans, the system benchtop sensitivity was about 100 dB. A 6-dB SNR roll-off from zero imaging depth to 1.6-mm imaging depth was measured. A background spectral interferogram from the reference arm was recorded in advance of data collection for DC suppression in real-time imaging. The DC-corrected fringe was then interpolated as equally k-spaced and Fourier transformed to obtain the complex OCT signals. Figure 1 shows the signal-processing flowchart for variance/Doppler imaging. Figure 2͑a͒ shows a fundus image of a male volunteer from a fundus camera. The variance/ Doppler imaging protocol includes a fast 3-D scan over an area of 2.5 mm by 2.5 mm with 128 slices of 2048 A-lines, as highlighted by a dashed window in Fig. 2͑a͒ . The OCT fundus image ͓Fig. 2͑b͔͒ was generated quickly after the 3-D scan and matched well with the fundus image of Fig. 2͑a͒ . In order to better understand the whole process, let us consider a typical B-scan image ͓Fig. 3͑a͔͒ as highlighted in Fig. 2͑b͒ . The phase difference of adjacent A-lines was calculated without average ͓Fig. 3͑b͔͒. The phase difference between any adjacent two A-lines was analyzed by a histogram method to extract the bulk-motion phase ͓of the ͑j +1͒'th A-line compared to the j'th A-line͔, which was then compensated in the ͑j +1͒'th and all its following A-lines. For example, Fig. 3͑c͒ plots the phase difference between A-line 1600 and A-line 1601 as highlighted in Fig. 3͑b͒ . It was mapped into a histogram distribution ͓Fig. 3͑d͔͒ of 90 equally spaced phase bins between ͓− ͔ and further smoothed by a 9-bin moving average-filter as Fig. 3͑e͒ , from which the maximum histogram phase is extracted as the bulk-motion phase between the two A-lines. Figure 3͑f͒ shows the resultant bulk-motion phases of all the A-lines compared to the first A-line ͑on the left͒ in Fig. 3͑a͒ . At the same time, the OCT intensity signals were used to analyze the ͑lateral and axial͒ sample shift due to motion artifacts and realign the images. 10 Cross-correlation between sequential bulk-phase-corrected A-lines was then calculated to achieve the cross-sectional variance image as in Ref. 16 :
where f jT ͑z͒ is the complex OCT signal of the j'th A-line, containing amplitude and phase information of scatters of different depth. Symbol T represents the time interval between sequential A-lines, P͑͒ is the power spectrum of Doppler frequency shift, and is the average Doppler frequency shift. The preceding equation suggests that the value of 2 depends on the flow velocity distribution. The Doppler variance image can be used as an indicator of flow turbulences and flow variations that broaden the Doppler-frequency spectrum and result in a larger 2 .
In our experiments, four cross-correlations were averaged ͓as in Eq. ͑1͔͒, and a simple 5 ϫ 5 Wiener filter was applied to obtain the variance image. The phase-resolved Doppler image was calculated by averaging four adjacent A-lines. Figures  3͑g͒ and 3͑h͒ show the corresponding variance image and Doppler image without bulk-motion phase correction, respectively. Motion artifacts were evident in these two figures. By applying the proposed histogram-based analysis and bulkmotion correction, one can clearly notice the improved background suppression in both the variance and Doppler images ͓Figs. 3͑j͒ and 3͑k͔͒. For comparison, Fig. 3͑i͒ shows an OMAG image of the same location where we slightly deviated the scanner to introduce a positive lateral modulation and digitally generated a negative modulation for bidirectional flow detection. 15 Proper selection of the lateral modulation frequency is critical to optimize the OMAG imaging quality while minimizing the OMAG background noise. The modulation frequency sets a physical threshold so that only vessels of higher enough Doppler frequency shift ͑than the threshold͒ can be differentiated as an OMAG signal. This may induce vessel size underestimation. However, if the modulation frequency is low ͑compared to the tissue lateral bandwidth͒, the tissue background noise will become evident, as one can see in Fig. 3͑i͒ . Compared to the ODT images in Figs. 3͑h͒ and 3͑k͒, variance imaging in Figs. 3͑g͒ and 3͑j͒ show better contrast for choroid vessels of high flow velocities ͑relative to the probe direction͒. While the Doppler signals suffer greatly from the dramatically wrapped Doppler phases and give low contrast for these choroid vessels, variance imaging is less affected by Doppler phase wrapping and can still generate a bright variance image. Note that variance imaging is highly sensitive to the relative phase variation between adjacent A-lines. For low flow velocity, both the variance and Doppler signals will become weak. Proper selection of the software threshold is necessary to avoid vessel diameter underestimation. For the labeled vessels in Figs. 3͑i͒ to 3͑k͒ , the estimated vessel sizes are 11.2 m, 12.0 m and 9.7 m, respectively.
By combining all the 128 B-scan images, a 3-D variance tomography of the scanned area is shown in Fig. 4 , which clearly shows the reconstruction of the vasculature in both the retina and choroid layers. Figure 4͑a͒ shows a top view of the 3-D variance reconstruction, and Fig. 4͑b͒ shows a colorcoded variance image where the retina vessels are coded with orange and the choroid ones with blue-green. Figure 4͑c͒ Fig. 2 ; ͑b͒ phase difference between adjacent A-lines without average; ͑c͒ plot of the highlighted phase difference in 3͑b͒; ͑d͒ histogram and ͑e͒ smoothed histogram of Fig. 3͑c͒ ; ͑f͒ accumulated bulk-motion phase of each A-line. Figures 3͑g͒ and  3͑h͒ show the variance and ODT images without bulk-motion correction, respectively. Figure 3͑i͒ shows the corresponding OMAG image. Figures  3͑j͒ and 3͑k͒ show the variance and ODT images after bulk-motion correction, respectively. The scale bars represent 500 m. enhancement or other digital imaging processing.
Note that histogram analysis works well for bulk-motion artifact correction in cases where the tissue accounts for most of the pixels in A-line images. In case this assumption does not hold-for example, when retinal blood vessels around the optical nerve head ͑ONH͒ account for most of the pixels in the A-line image or when the vessel position is close to the bottom of the imaging window-histogram analysis will give a wrong estimation of the tissue bulk motion. 18 To solve this problem, a preliminary OCT variance image ͑without bulkmotion phase correction͒ can still be useful to differentiate the tissue and blood vessel; then the velocity/phase histogram analysis is performed based only on those selected tissue pixels of relatively small variance values. Also note that the histogram-based analysis assumes no relative motion inside the tissue structures of the same A-scan and will not correct heterogeneous motion artifact of the tissue due to vessel elasticity or other factors.
In summary, we have demonstrated that variance imaging can be used for in vivo 3-D angiography of the human retina and choroid. The dual variance/Doppler imaging modality was developed based on a high-speed functional Fourier domain optical coherence tomography system. It was also shown that variance imaging is subject to bulk-motion artifacts as in phase-resolved Doppler imaging, and we have used a histogram-based analysis for bulk-motion correction. In vivo experimental results showed that the proposed system can provide comparable results to other imaging modalities. It does not require lateral modulation of the scanner and is simple to implement.
